There were 18 excellent results although in two patients this was achieved after the development of a pseudarthrosis which required further surgery. There were four good and two fair results in which the lengthening obtained was at least 3 cm less than had been projected. The consolidation index was 35.2 days/cm. No patient had associated long-term stiffness of the knee.
External fixation is commonly used in lengthening of the femur. Circular fixators allow complex and extended lengthening of deficiencies but, compared with the use of monolateral fixators, the technique may be difficult to perform and is poorly tolerated by the patient. [1] [2] [3] External fixation is required for both the distraction and consolidation phases. It places particular demands on patients and there is a high incidence of complications. [4] [5] [6] [7] Premature removal of the fixator may lead to refracture, deformity, shortening or nonunion. 5 Different intramedullary devices have been used to avoid these problems. An intramedullary nail may be used with an external fixator. 5, 8, 9 When the desired length is achieved the intramedullary nail is locked allowing early removal of the external fixator and maintenance of length and alignment. Although the time for which external fixation is required may be reduced with these techniques, secondary problems such as pin-track infection may occur and lead to deep intramedullary infection. Baumgart, Betz and Schweiberer 10 described good results in 12 patients using an intramedullary nail with a motorised sliding mechanism which did not require daily adjustments. This system can divide daily distraction into 600 micro intervals. This nail is expensive and to the best of our knowledge is not yet available for general use. A mechanical intramedullary device, the gradual elonga- Photograph showing an Albizzia gradual elongation nail.
tion nail (GEN), was designed as an alternative to external fixation for progressive lengthening of the femur. 11 It was subjected to animal experiments and mechanical tests and has now been introduced for clinical use. 11, 12 We have analysed the results obtained with a GEN for femoral lengthening in two centres.
Patients and Methods
The gradual elongation nail. The GEN (Albizzia: DePuy, Villeurbanne, France) comprises two telescoping cylinders which are connected by a ratchet system (Fig. 1) . It is lengthened by rotating movements of the limb. 11 Each ratcheting lengthens the system by 0.07 mm, or about 1 mm for every 15 ratchetings. There is a key to limit angular rotation between the cylinders, a preoperative prefixed locking device to prevent movement at the end of the period of lengthening, and a device at the level of the proximal lock to dynamise the regeneration of bone. This allows cyclical loading of the regenerate with muscle contraction or on walking, without unlocking the nail.
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Lengthenings of between 60 and 100 mm may be achieved. Proximal locking is obtained with a 5.5 mm diameter screw and distal locking with two 3.5 mm diameter screws for nails of 11 mm diameter or two 4.5 mm diameter screws for those of 13 or 15 mm diameter. Patients. Between September 1993 and September 2000 we carried out 24 femoral lengthenings in 23 patients. Use of the GEN was contraindicated in patients with open growth plates, the elderly, those with poor periosteum as in some post-traumatic deficiencies, and in the presence of an unstable hip or knee, a major femoral deformity, and/or a narrow femoral medullary canal with a thin cortex. The mean length of follow-up was for 44.7 months (12 to 84). The mean age of the patients at the time of operation was 16.9 years (11 to 34). There were 12 men and 11 women. Many had undergone previous surgery (Table I) .
A total of 22 patients underwent lengthening because of a limb deficiency (Fig. 2) of the osteotomy are established for each patient. Selection of the nail is based on the length of the femur, the diameter of the medullary canal and the amount of lengthening which is required. Teleroentgenography of the lower limbs is necessary. Post-traumatic deficiencies require lateral radiographs to identify femoral deformities. We used CT in some difficult cases, since determination of limb length by this means is simple and accurate and the entire pelvis and lower limbs can be seen. 13 The clinical and radiological data were sent to the manufacturer, who calculated the level of the osteotomy, prepared an approximate-sized nail and created a template of the femur to facilitate surgery. Operative technique. After reaming, internal osteotomy with an intramedullary saw at a preselected site was undertaken in such a way as to preserve as much periosteum as possible. The bone was distracted at the site of the osteotomy before introduction of the nail. At the end of the operation 5 mm of lengthening were obtained.
Toe-touch weight-bearing with two crutches was allowed initially after the operation. Distraction was started on the fifth postoperative day at a rate of 1 mm/day with five ratchetings, three times per day. At the end of the predetermined gain, rotation and further elongation were automatically blocked by the fixed locking system which had been set to prevent further movement when the desired lengthening had been achieved. The dynamisation system makes it unnecessary to unlock the nail. Full weightbearing without crutches is allowed after newly formed bone has bridged two cortices as seen on radiographs.
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Evaluation criteria. The procedure was evaluated according to the clinical and radiological criteria developed by Paley et al. 5 The scores were rated as excellent, good, fair or poor on the basis of six criteria: range of movement of the knee, the amount of lengthening obtained, gait, the lateral distal angle, pain, and the ability to perform daily or work activities. Lengthening was assessed by comparing the actual amount achieved with the initial goal.
Complications were again classified on the criteria Paley et al 5 as intraoperative difficulties, obstacles, which were defined as difficulties which arise during treatment and which can be treated successfully by further surgery, and true complications, temporary or permanent. The radiological consolidation endpoint was defined as occurring when the bone in the distraction gap had healed and three of four cortices had been bridged on anteroposterior (AP) and lateral radiographs.
14 The time to consolidation was measured as the period from the operation to the endpoint, and included the distraction and consolidation phases. We also calculated the radiological consolidation index which is the time to consolidation per centimetre of distraction gap.
Results
Operative details and complications. There was no soft-tissue infection or delayed wound healing. Late infection around a distal screw was seen in one femur which had been previously lengthened using a circular external fixator (case 6). In this patient, who had Ollier's disease, the intended lengthening was not fully obtained because of painful ratcheting. The infection resolved after removal of the implant when bony consolidation had been obtained.
Five patients (cases 6, 8, 12, 16 and 18) complained that pain during the first few days made ratcheting difficult. Epidural analgesia was used in two patients (cases 12 and 16) about one week later. The other three refused analgesia and the lengthening was halted. All three, however, considered the outcome to be satisfactory, and the results were considered to be fair in two patients and good in one Clinical results. According to the criteria of Paley et al 5 there were 18 excellent results; in two patients (cases 13 and 19) this was after the development of a pseudarthrosis which required a further operation. There were four good and two fair results in which the intended lengthening was not obtained by at least 3 cm (Table II) . There were no axial femoral deformities (Fig. 3) . A valgus tibial deformity required a posterior tibial osteotomy in one femur with hemihypoplasia (case 4). The preoperative knee function was regained in all patients. The extensor mechanism was not impaired, and there was no stiffness of the knee. The gait of all patients was normal after one year.
The mean lengthening obtained was 5.0 cm (2 to 10), compared with a mean projected lengthening of 5.5 cm (3.5 to 10). In three patients (cases 6, 8 and 18) lengthening was 2 cm less than projected because of painful ratcheting, but these patients were satisfied with the outcome. The mean period of distraction was 56.9 days (28 to 150) with a mean distraction index of 11.1 days/cm (8.0 to 17.0). The mean time to consolidation was 164.3 days in the 22 femora in which bone healing had been obtained and the mean consolidation index was 35.2 days/cm. There was gross periosteal hypertrophy with early bony union and an excellent result in one patient (case 22) in whom a previous distal femoral physeal fracture had been treated by open reduction and internal fixation with Kirschner wires. The GENs were removed after consolidation. In one femur with an excellent result the nail was found to be broken and only the proximal part could be removed (case 1). Late complications. There were few complications. Delayed bone healing was observed in two femora in which an open osteotomy had been undertaken. One of these patients (case 13) developed a pseudarthrosis with fracture of the nail while the other (case 19) had delayed healing with bending of the nail. Consolidation was obtained in both with a final excellent result after replacing the GEN with a locked reamed nail and autografting (Fig. 4) . In the third femur (case 18) which required an open osteotomy because of disassembly of the saw, ratcheting was painful and the intended length was not achieved.
Discussion
The Albizzia GEN was designed as an alternative to external fixation for progressive lengthening of the femur. The theoretical advantages are that it is well tolerated, infections are uncommon, axial deviation is avoided, and internal osteotomy does not disturb the blood supply in the periosteum. It is contraindicated in patients with open growth plates, the elderly, or patients with an unstable hip or knee, poor periosteum, recent infection or major femoral deformities. Multiplanar corrections may be addressed with a special nail (3D-Albizzia). 15 There was no long-term stiffness of the knee in our patients. This complication has been frequently reported in femoral lengthening using an external fixator. 6, 7 The improved results may be because the muscle is not transfixed.
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There was no failure of the lengthening mechanism in our series. Pain made ratcheting difficult in five femora; it settled with epidural analgesia in two. Catagni 16 management of pain during limb-lengthening. The pain probably arises from stretching of the periosteum, which may remain partly intact after internal osteotomy. After the pain of the initial postoperative period had settled, lengthening was easily obtained. The rate of distraction was 1 mm/day as was recommended by Ilizarov for external fixators. 17, 18 It is known that rates of more than 1 mm/day may exceed the potential for vascular ingrowth at a diaphyseal site 19, 20 and this rate seems to be accepted by vessels and nerves. 21 In order to ensure separation of the bone ends and to prevent premature consolidation, we checked that the osteotomy was complete by bending the bone backwards and forwards at the site of the division. Premature consolidation of the regenerate occurred in the series reported by Paley et al 5 and the high rate of premature consolidation and non-separation associated with lengthening over an intramedullary nail was thought to occur because the bone had not been reamed. Ilizarov emphasised the importance of preserving the endosteal blood supply in distraction osteogenesis. 17, 18 The good results observed in our series confirm that a reamed intramedullary nail does not prevent bone formation in a distraction gap. Internal osteotomy and reaming of the endosteum were followed by regeneration of bone. It has been suggested that any slowing of the formation of new bone due to damage to the medullary circulation may be compensated for by the effects of revascularisation after reaming and the better stability provided by fixation with a nail. 5 Different series have shown that the medullary canal may be reamed or curetted without adverse consequences, but the periosteum is critical for the formation of a regenerate callus. 10, 22, 23 Guichet et al 23 observed that in 18 growing rabbits the periosteum alone forms a larger callus with a higher mineral content than bone marrow alone while destruction of both marrow and periosteum results in the absence of bone formation in the area of the distraction. The most severe complications were seen after the open osteotomies which were required after failure of the intramedullary saw. Open osteotomy disturbs periosteal vascularisation and delays bone healing. Two femora developed a pseudarthrosis with failure of the nail and required an intramedullary locked reamed nail and autografting. The periosteum is the major contributor to osteogenesis during distraction since it is the main source of vascularity, and its careful preservation is essential to bone healing. 10, 19, [23] [24] [25] [26] [27] Methods which disrupt the periosteum, such as corticotomies and osteotomies, may lead to decreased osteogenesis. 23, 28 With the use of the external fixator, lengthening occurs along the mechanical axis of the femur, whereas lengthening over an intramedullary nail takes place along the anatomical axis. Theoretically, this would place the centre of the knee in a more medial position and may produce a valgus deformity of the knee. 5 There was an increase of a previous valgus deformity in one patient who had a good result after a corrective tibial osteotomy. Femoral lengthening using a GEN gives good results and is comfortable for most patients. There has been no failure of the lengthening mechanism in our series. Open osteotomy was the most severe complication and was associated with a pseudarthrosis and breakage of the nail. Initial ratchetings can be painful, and adequate analgesia is required.
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